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We report detailed dc and ac magnetic susceptibilities, specific heat, and thermal conductivity
measurements on the frustrated magnet ZnCr2Se4. At low temperatures, with increasing magnetic
field, this spinel material goes through a series of spin state transitions from the helix spin state to
the spiral spin state and then to the fully polarized state. Our results indicate a direct quantum
phase transition from the spiral spin state to the fully polarized state. As the system approaches
the quantum criticality, we find strong quantum fluctuations of the spins with the behaviors such as
an unconventional T 2-dependent specific heat and temperature independent mean free path for the
thermal transport. We complete the full phase diagram of ZnCr2Se4 under the external magnetic
field and propose the possibility of frustrated quantum criticality with extended densities of critical
modes to account for the unusual low-energy excitations in the vicinity of the criticality. Our results
reveal that ZnCr2Se4 is a rare example of 3D magnet exhibiting a field-driven quantum criticality
with unconventional properties.
PACS numbers: 75.30.Kz, 75.40.-s, 75.47.Lx
Since the new centuary, quantum phase transition has
emerged as an important subject in modern condensed
matter physics [1]. Quantum phase transition and quan-
tum criticality are associated with qualitative but con-
tinuous changes in relevant physical properties of the un-
derlying quantum many-body system at absolute zero
temperature [1, 2]. In the vicinity of quantum criti-
cality, the low-energy and long-distance properties are
controlled by the quantum fluctuation and the critical
modes of the phase transition such that certain inter-
esting and universal scaling laws could arise. It is well-
known that quantum criticality often occurs in the sys-
tem with competing interactions where different inter-
actions favor distinct phases or orders. Many physical
systems such as the high-temperature superconducting
cuprates [2], heavy fermion and Kondo lattice materi-
als [3], Fermi liquid metals with spin density wave insta-
bility [4], and Mott insulators have been proposed to be
realizations of quantum criticality [1]. For superconduc-
tors and metals, the multiple low-energy degrees of free-
dom and orders may complicate the critical phenomena
and the experimental interpretation. In contrast, Mott
insulators with large charge gaps are primarily described
by spin and/or orbital degrees of freedom and may have
the advantage of simplicity in revealing critical behaviors.
The Ising magnets CoNb2O6 and LiHoF4 in exter-
nal magnetic fields realize the quantum Ising model and
transition [5–10]. External magnetic fields in dimer-
ized magnets like han purple BaCuSi2O6 [11, 12] induce
a triplon Bose-Einstein condensation transition. In a
more complicated example of the diamond lattice anti-
ferromagnet FeSc2S4 [13–17], it is the competition be-
tween the superexchange interaction and the on-site spin-
orbital coupling that drives a quantum phase transition
from the antiferromagnetic order to the spin-orbital sin-
glet phase [18, 19]. These known examples of quan-
tum phase transitions in strong Mott insulating mate-
rials with spin degrees of freedom are described by sim-
ple Ising or Gaussian criticality where there are discrete
number of critical modes governing the low-energy prop-
2erties. In this Letter, we explore the magnetic proper-
ties of a three-dimensional frustrated magnetic material
ZnCr2Se4. From the thermodynamic, dynamic suscepti-
bility and thermal transport measurements, we demon-
strate that there exists a field-driven quantum criticality
with unusual properties such as a T 2-dependent specific
heat and temperature independent mean free path for the
thermal transport. Our quantum criticality has extended
numbers of critical modes and is beyond the simple Ising
or Gaussian criticality among the existing materials that
have been reported before.
In the spinel compound ZnCr2Se4, the Cr
3+ ion hosts
the localized electrons and give rise to the spin-3/2
(Cr3+) local moments that form a 3D pyrochlore lat-
tice. The reported dielectric polarization [20], magne-
tization and ultrasound [21], neutron and synchrotron x-
ray [22, 23] studies have shown that, with increasing mag-
netic field, this system goes from helix spin state to spiral
spin state to an unidentified regime, and then fully polar-
ized state at the measured temperatures. Two possibili-
ties have been proposed for this unidentified regime, an
umbrella state and a spin nematic state [21, 24]. Both the
umbrella state and a spin nematic state break the spin ro-
tational symmetry. We address this unidentified regime
by completing the magnetic phase diagram of ZnCr2Se4
with dc and ac susceptibility, specific heat, and thermal
conductivity measurements. We do not observe signa-
tures of symmetry breaking in the previously unidenti-
fied regime down to the lowest measured temperature.
We attribute our experimental results to a quantum crit-
ical point (QCP) between the spiral spin state and the
polarized state, and identify the previously unidentified
regime as the quantum critical regime.
The experimental details are listed in the online sup-
plemental materials [25]. The dc magnetization mea-
sured at 0.01 T in Fig. 1(a) shows a pronounced peak
at TN = 21 K, corresponding to the antiferromagnetic
(AFM) order accompanied by a cubic to tetragonal struc-
tural transition as previsouly reported [22]. With increas-
ing fields, the peak shifts to lower temperatures. The dc
magnetization measured at 0.5 K in Fig. 1(b) shows an
anomaly near HC1 ∼ 1.6 T, which is more evident as a
peak on the dM /dH curve. As previous studies reported,
the magnetic domain reorientations occurs at this criti-
cal field HC1 and above which, the helix spin structure
is transformed into a tilted conical one [20–23]. Due to
the reorientation of magnetic domains, the magnetiza-
tion displays hysteresis when the field is ramping down
below HC1. This reorientation is also revealed as an irre-
versibility between the ZFC and FC curves below 8 K for
susceptibility measured at 0.01 T, while it is suppressed
completely at H ≥ 1.7 T.
The real part of ac susceptibility χ′ in Fig. 2(a) clearly
shows two peaks at HC1 and HC2. Here, HC1 is consis-
tent with the HC1 obtained from the magnetization data
above. HC2 is consistent with the reported HC2 value,
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FIG. 1. (Color online.) (a) The temperature dependence of
zero field cooling (ZFC) and field cooling (FC) dc magneti-
zations at different applied fields. (b) The dc magnetization
measured at 0.5 K and its dM /dH curve.
above which the spiral spin structure is suppressed with
a concomitant structure transition from tetragonal to cu-
bic. Meanwhile, a small bump at HC1, a sharp peak at
HC2, and a step-like anomaly near 9.5 T are clearly seen
for the imaginary part (χ′′) measured at 7.5 K. This step-
like anomaly is in accordance with the plateau observed
from the sound velocity measurements around 10 T at 2
K, which has been correlated to the onset of fully polar-
ized magnetic phase at HC3 [21]. Upon further cooling,
HC3 moves to lower fields and is hardly discernible below
1.5 K from the ac susceptibility measurement, while HC2
shifts to higher fields (see the inset of Fig. 2(b)).
At zero magnetic field, the specific heat in Fig. 3(a)
shows a sharp peak at TN = 21 K, which shifts to a
lower temperature with increasing magnetic field and
disappears completely at 6.5 T. Moreover, a small low-
temperature hump around 1 ∼ 2 K is observed at zero
magnetic field, which is enhanced with increasing field
up to 6.5 T and then strongly suppressed at 10 T. This
kind of field dependence is very different from the usual
Schottky anomaly of magnetic specific heat. Therefore,
this anomaly could be originated from the spin fluctua-
tions. It is consistent with the recent neutron-diffraction
studies that reveal broad diffuse scattering due to spin
fluctuations in the long-range-ordered state at tempera-
tures down to 4 K [22, 23]. The strongest hump at 6.5
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FIG. 2. (Color online.) The magnetic field dependence of
ac susceptibility at several temperatures: (a) the real compo-
nent; (b) the imaginary component. The inset of (b) shows
the zoom-in of the high-field data. The arrows indicate the
evolution of high-field anomalies with increasing tempera-
tures.
Below 1 K, we tend to fit the heat capacity data at 6.5
T with a γTα behavior. The obtained result is T 2 down
to the lowest temperature of 0.06 K. Here we assume the
lattice contribution of specific heat at so low tempera-
tures is negligible, and then the T 2 behavior for 6.5 T
data is abnormal for a 3D magnet.
To further manifest the dynamic properties of the sys-
tem under the magnetic field, we carry out the thermal
conductivity measurement. As we depict in Fig. 3(b),
the thermal conductivity κ at 0 T shows a structural-
transition-related anomaly at TN = 21 K and a strong
weakness of the κ(T ) slope around 1 K that should be re-
lated to the spin fluctuations observed from specific heat.
With increasing magnetic field, TN shifts to lower tem-
peratures and disappears at H ≥ 5 T. The slope change
around 1 K is not sensitive to the magnetic field but
diminishes at H ≥ 6.5 T. While the κ mainly shows a
gradual increase with increasing magnetic field at high
temperatures (T > 3 K), its field dependence is com-
plicated at low temperatures (T < 1 K), which is more
clearly demonstrated in Fig. 3(c).
At 1.95 K, the κ(H)/κ(0) curve in Fig. 3(c) shows three
weak anomalies at ∼ 1, 5.5 and 8 T, which correspond
to HC1, HC2, and HC3, respectively. At HC1, a spin
re-orientation appears, which is related to a minimizing
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FIG. 3. (Color online.) (a) The temperature dependence
of specific heat at several magnetic fields from 0.06 K to 30
K. The dashed line represents the T 2 dependence. (b) The
temperature dependence of thermal conductivity from 0.3 K
to 30 K at various magnetic fields. (c) The field dependence
of thermal conductivity at selected temperatures below 2 K.
(d) The calculated mean free path.
of the anisotropy gap and a sudden increase of the AFM
magnon excitations. This could cause an enhancement of
magnon scattering on phonons and the low-field decrease
of κ. The second anomaly at HC2, which becomes clearer
at 0.97 K, is demonstrated as a dip-like suppression of κ
and is likely due to the spin fluctuations at HC2. The
third anomaly at HC3, identified as a quicker increase of
κ, is apparently due to the strong suppression of spin fluc-
tuations associated with the transition or crossover from
that unidentified regime to the fully polarized spin state.
The spin fluctuations are strongly suppressed in the fully
polarized spin state because the spin excitation is gapped
at low energies. At lower temperatures that were not ac-
cessed in the previous experiments [20–23], the anomalies
at HC2 and HC3 tend to merge, consistent with the oppo-
site temperature dependencies of these two critical fields
observed from our ac susceptibility measurement. In par-
ticular, at 0.5 K these two anomalies merge into a single
one at 6.5 T and the κ(H)/κ(0) curve shows a deep valley
at the background of field-induced enhancement. This is
consistent with the specific heat result showing that the
spin fluctuation is the strongest around 6.5 T. As we will
explain in detail, both the specific heat and the thermal
transport results suggest the existence of the quantum
criticality at 6.5 T.
Before getting onto our intepretation, we here calcu-
late the phonon mean free path from κ using a standard
method [30]. We choose the Debye temperature to be 308
K [31] and assume κ is primarily phononic. The results
are depicted in Fig. 3(d). At 0 T, the phonon mean free
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FIG. 4. (Color online.) The H-T phase diagram of ZnCr2Se4.
“T” and “C” refer to the tetragonal and the cubic structure,
respectively. “Helix”, “Spiral”, “FM” stand for the helix spin
state, spiral spin state, and spin-fully polarized state, respec-
tively. A QCP is deduced between the spiral spin state and
the polarized phase. The solid (dashed) boundary refers to ac-
tual phase transition (crossover). The pink region is marked
as the quantum critical regime. See the main text for the
detailed discussion.
path (l ∼ 10−2 mm) is nearly two orders of magnitude
smaller than the sample size (∼ 1 mm) even at the low-
est temperature of 0.3 K. This means that the phonon
scattering is still active at such low temperatures. Since
the phonon scatterings caused by phonons, impurities,
and other crystal defects are known to be quenched at
low temperatures, there must be some magnetic scatter-
ing processes. Also because of the small mean free path
l, the magnetic excitations are not likely to make a siz-
able contribution to the heat transport. With increasing
magnetic fields, l is generally enhanced, indicating a sup-
pression of magnetic scatterings. Under the highest field
of 14 T, the phonon mean free path approaches the sam-
ple size, which indicates the complete suppression of spin
fluctuations in the polarized state. This is consistent with
the gapped spin excitations for the fully polarized spin
state. In contract, at 6.5 T, l drops back to 10−2 mm
size with no obvious temperature dependence below 1 K.
A detailed H-T phase diagram of ZnCr2Se4 was con-
structed in Fig. 4 by using the phase transition tempera-
tures and critical fields obtained from our above measure-
ments. By comparing to the reported phase diagram [21],
two important new features were observed in this full
phase diagram with lower temperatures and higher mag-
netic fields. One is that the phase transition tempera-
ture for the spiral spin structure is suppressed to zero
temperature with increasing fields before the system en-
ters the fully polarized state. Therefore, there is a direct
quantum phase transition between the spiral spin state
and the polarized phase, and this transition is marked as
the QCP in Fig. 4. The other one is that the previous
unidentified regime between the spiral state and the fully
polarized state does not persist down to the lowest tem-
perature. Note that our measurements were carried out
at a much lower temperature than the previous reports.
Thus, in Fig. 4 this previously unidentified regime is nat-
urally identified as the quantum critical regime that is the
finite temperature extention of the quantum criticality.
Why is the previously unidentified regime not an um-
brella state or a spin nematic state? As we have pointed
out earlier, both states break the spin rotational sym-
metry, and the former may break the lattice translation.
This is a 3D system, and this kind of symmetry break-
ing should persist down to zero temperature and cover
a finite parameter regime. This finite-range phase is not
observed at the lowest temperature. For the same rea-
son, the symmetry should be restored at high enough
temperatures via a phase transition. Such a thermody-
namic phase transition is clearly not observed in the heat
capacity and thermal transport measurements.
The spin spiral state and the fully polarized state are
distinct phases with different symmetry properties. The
latter is translational invariant and fully gapped, while
the former breaks the lattice symmetry and spin rota-
tional symmetry. There must be a phase transition sepa-
rating them, and this quantum phase transition is man-
ifested as the QCP at 6.5 T in Fig. 4. What is the prop-
erty of this criticality? The heat capacity was found to
behave as T 2 at low temperatures at the QCP, indicating
much larger density of states than the simple Gaussian
fixed point. For a Gaussian fixed point, we would ex-
pect the heat capacity as T 3 up to a logarithmic correc-
tion due to the critical fluctuations. The T 2 heat capac-
ity suggests that the low-energy density of states should
scale as D(ǫ) ∼ ǫ with the energy ǫ. We know that the
nodal line semimetal with symmetry and topologically
protected line degeneracies has this extended density of
states when the Fermi energy is tuned to the degener-
ate point [32]. However, our system is purely bosonic
with spin degrees of freedom, and there is no emergent
fermionic statistics. To support D(ǫ) ∼ ǫ at the QCP,
we would have the critical modes to be degenerate or al-
most degenerate along the lines in the reciprocal space
such that the current thermodynamic measurement can-
not resolve them. It has been known that the frustrated
spin interactions could lead to such line degeneracies for
the critical modes and the resulting frustrated quantum
criticality [33, 34]. The possibility that infinite modes
with line degeneracies become critical at the same time
is an unconventional feature of this QCP. These critical
modes scatter the phonon strongly and suppress the ther-
mal transport near the criticality. It will be interesting to
directly probe these degenerate modes with inelastic neu-
tron scattering and explore the fates of the critical modes
on both sides of the QCP. Our thermal transport results
5also call for further theoretical effects on the scattering
between the extended density of critical modes and the
low-energy phonons near the criticality.
Finally the system displays different lattice structures
for different magnetic phases in the phase diagram. Both
the helix and the spiral spin states have the tetragonal
structure, while the quantum critical regime and the fully
polarized state have the cubic structure. This is simply
the consequence of the spin-lattice coupling. The helix
and the spiral spin states break the lattice cubic symme-
try, and this symmetry is transmitted to the lattice via
the spin-lattice coupling. The quantum critical regime
and the fully polarized state are uniform states and re-
store the lattice symmetry. The correlation between the
sound velocity and the magnetic structure in the previous
experiments has a similar origin [21].
In summary, by completing the H-T phase diagram
of ZnCr2Se4, we demonstrate the existence of QCP and
quantum critical regime induced by applied magnetic
phase in this 3D magnet. Our finding of the unconven-
tional quantum criticality calls for future works and is
likely to provide an unique example of frustrated quan-
tum criticality for further studies.
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Experimental Details
The single crystalline samples of ZnCr2Se4 were grown
by chemical vapor transport method using CrCl3 as the
transport agent in an evacuated sealed quartz tube [1].
During the growth process, the temperatures at two ends
of the quartz tube were kept at 850 ◦C and 950 ◦C, re-
spectively. The crystal quality was investigated by high-
resolution synchrotron x-ray diffraction (Fig. 1) per-
formed at 16-BM-D, HPCAT of Advanced Photon Source
of Argonne National Laboratory with λ = 0.4246 A˚. The
Rietveld refinement of this room temperature pattern
shows a lattice parameter a = 10.491(8) A˚ with sto-
ichiometry as Zn1.011(4)Cr2.001(3)Se3.987(2). Within the
errors of the experiment, the as grown crystals were stoi-
chiometric with negilable site disorder.This result is con-
sistent with the reported synchrotron x-ray and neutron
powder diffraction studies on ZnCr2Se4[2]. The dc mag-
netic properties were studied by a superconducting quan-
tum interference device (SQUID) magnetometer. The ac
susceptibility was measured at the National High Mag-
netic Field Laboratory using the conventional mutual in-
ductance technique [3]. The specific heat was measured
in a physical property measurement system (Quantum
Design PPMS). The thermal conductivity was measured
by using a “one heater, two thermometers” technique [4].
In all these measurements, if the field is applied, the field
is along the [111] axis.
FIG. 1. (Color online) The room temperature powder syn-
chrotron x-ray diffraction spectrum of ZnCr2Se4.
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